SUMMARY: Whole cells of the fungus Zygorrhynchus moelleri can oxidize acetate, cis-aconitate, citrate, fumarate, glucose, malate, a-ketoglutarate, pyruvate, and succinate under appropriate conditions. The rates of oxidation of acetate and succinate, in particular, are very high and exceed the rate of glucose oxidation. Diethylmalonate in high concentration inhibits the oxidation of glucose and acetate, but succinate oxidation is not greatly inhibited by malonic acid, even when the malonate concentration is twice the succinate concentration.
Penicillium chrysogenum (Casida & Knight, 1954 ; Hockenhull, Herbert, Walker, Wilkin & Winder, 1954) , and Streptomyces codicolor (Cochrane & Peck, 1953) . The present work indicates substantially similar conclusions with Z ygorrh ynchus moeller i.
Fungal cell membranes frequently appear to be impermeable to many of the substances regarded as intermediates in the respiratory mechanisms of other organisms, and there have been few reports of attempts to overcome such difficulties by the use of non-viable cell preparations of filamentous fungi.
I n the work to be reported here the phycomycete Zygorrhynchus moelleri has been examined for the presence of tricarboxylic acid cycle enzymes, using manometric and chemical techniques. The respiratory activities of intact cells and of a non-viable cell preparation towards citric acid cycle substrates have also been examined.
METHODS

Growth and respiration.
The cultivation techniques for the organism, Zygorrhynchus moelleri (Commonwealth Mycological Institute No. 21994) , have been described previously (Moses, 1954) . This technique was again followed with the following modifications. Experiments with whole cells were performed with cells starved for 3 hr., unless otherwise stated. The crop from 22 ml. medium was harvested, washed, and resuspended in about 30 ml. phosphate buffer of the molarity and pH indicated for each experiment. 2 ml. suspension was used in each Warburg flask. The flasks were shaken for 3 hr. in order to decrease the level of the endogenous respiration before addition of the substrate. Samples were taken for dry weight and total N determinations.
For experiments with cells treated with liquid nitrogen, 40 ml. spore suspension (obtained from four agar slopes of the organism) were inoculated into four Erlenmeyer flasks (250 ml.), each containing 60 ml. medium. These were shaken in the usual way. The total crop, after washing, was suspended in about 20-25 ml. phosphate buffer of the molarity indicated and a t pH 6-5, unless stated otherwise. The very thick suspension so obtained was run slowly from a wide-mouthed pipette, or added with a spoon-shaped spatula, directly into liquid nitrogen, the latter being stirred until the fungus had all been added. The suspension froze into lumps which sank to the bottom of the vessel. (Liquid oxygen has also been used but is less convenient for handling as the frozen lumps float and have a tendency to stick together.) After 30-45 min. the frozen suspension was removed and thawed a t 25". The resulting material was very heterogeneous and difficult to pipette. This was remedied by very gentle homogenization in a Potter homogenizer, the piston being rotated gently by hand and not mechanically. The volume of the resultant uniform suspension was made up to about 30 ml. with buffer, samples were taken for total N determinations, and 2 ml. samples were added to each Warburg flask. In the experiment on malic acid oxidation at two pH values, the cell suspension was made up in water to half the normal volume and 1 ml. dispensed into each Warburg flask; 1 ml. 0-16 M buRer of the required pH value was also added. detected in this way. The acids were identified by their Rp values. Citric acid formed from malic acid was also identified by spraying the chromatogram with the Furth-Hermann reagent (Davies, 1953) .
( b ) Keto-acids. The method of formation and extraction of keto-acid hydrazones was modified from El Hawary & Thompson (1953). The reaction mixture from the Warburg flask was deproteinized by adding an equal volunie of 10 yo (w/v) metaphosphoric acid and allowing t o stand for 1 hr. a t room temperature. After centrifugation, the supernatant was treated with an excess of 2 : 4-dinitrophenylhydrazine in ~N -H C~ for 30 min. at 37". The hydrazones were extracted into ethyl acetate and then into 10% (w/v) aqueous Na,CO,. The latter was acidified with conc. HC1 a t O", the hydrazones again extracted into ethyl acetate and the solution evaporated to dryness in a streani of cold air. The dry hydrazones were dissolved in a little 6 % (w/\-) aqueous KH, and applied to Whatman No. 3 filter-paper as spots or bands. Descending chromatograms were run overnight using .n-butanol saturated with 6 yo (wiv) aqueous NH, as solvent (Fincham, 1953) , the keto-acid hydrazones being identified by their R, values and by reduction to the corresponding amino acid. Known keto-acid 2 : 4-dinitrophenylhydrazones were run as markers.
The keto-acid chromatogram was dried in a current of air a t room temperature, the spot cut out, and macerated in 6 % (w/v) aqueous NH,. After 1 hr. the suspension was centrifuged, the supernatant acidified with conc. HC1 a t 0" and extracted with ethyl acetate. The latter was evaporated to dryness in a current of air at room temperature. The hydrazones were dissolved or V . Moses suspended in about 1 ml. O.~-~.ON-CH,COOH, Adam's catalyst added, and the mixture treated with H, at a pressure of 50 lb./sq.in. for 15-30 min. until the yellow colour had disappeared (Towers, Thompson & Steward, 1954) . The solution of amino acids was evaporated to dryness in vacuo over conc. H,SO,.
The amino acids were redissolved in a suitable volume of water and applied to Whatman No. 3 or 4 filter-paper for one-dimensional chromatograms using as solvents either 75 yo (v/v) phenol, 25% (v/v) water in an atmosphere of NH,, or 40 yo (v/v) n-butanol, 50 yo (v/v) water, 10 yo (v/v) glacial acetic acid. After drying at 80-90°, and spraying with ninhydrin, the amino acids were identified bytheir Rp values and by comparison with known markers run on the same chromatogram. Two-dimensional chromatograms were run with phenol-NH, in one direction and collidine-lutidine in the other, the amino acids being identified from the map given by Dent (1948) ; known amino acids were incorporated as markers.
Chemicals. All chemicals were commercial products except oxalacetic acid 2 : 4-dinitrophenylhydrazone which was a gift from the Biochemistry Department, University College, London. Armour Laboratories' ' Liver Coenzyme Concentrate' was used as a source of coenzyme A and of di-and triphosphopyridinenucleotides.
Acid substrates were used as their Na salts, and solutions were adjusted to a definite pH value before use.
Dry weight and total nitrogen determinations. Dry weights were obtained by filtering portions of cell suspensions through weighed sintered glass crucibles and drying at 105-110" to constant weight. Total N determinations were performed by the standard micro-Kjeldahl technique, using a selenium catalyst during the digestion process which was continued for 8 hr. after the solution had cleared.
RESULTS
Respiration of intact cells
The ability of intact unstarved cells to oxidize tricarboxylic acid cycle intermediates, acetate and glucose was examined. At high pH values (6.8) only glucose and acetate stimulated the rate of oxygen uptake ( Table 1) . When the pH value was lowered to about 3.4 all the intermediates tested were oxidized (Table I) , though now acetate was inhibitory even to the endogenous respiration (Moses, 19553) . The presence of permeability barriers to weak acid substrates is well known in micro-organisms, and attempts have been made to overcome them either by working at low pH values so as to suppress the ionization of the weak acids, or by the use of cell-free extracts. Krebs et al. (1952) found, however, that with baker's yeast a low pH value was ineffective in removing the permeability barrier to these acids.
The absolute rates of oxidation of the various substrates by Zygorrhynchus moelleri varied considerably from preparation to preparation, although the relative order remained the same. For example, the Q,, (succinate) By the oxidation of small, known, quantities of these acids and measurement of the total oxygen uptake and carbon dioxide evolution in excess of the endogenous respiration, assuming the latter to continue during the respiration of external substrates (Moses, 1955a) , the degrees of total oxidation and R.Q.'S were determined ( Table 2) . A lag was observed in the oxidation of all these substrates, particularly citrate, affecting both the oxygen uptake and carbon dioxide output (Fig. 1) . Total endogenous 0, uptake during experiment : 10.7 pmole. Total endogenous CO, evolution during experiment : 9.4 pmole. The action of malonate on the ability of the cells to oxidize succinate was investigated ( Table 3) . The malonate concentration necessary to produce inhibition was relatively high; the degree of inhibition was maximal im-
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mediately after the addition of malonate, decreasing as the experiment proceeded. Even when the malonate concentration was twice that of the succinate the degree of inhibition was small. As subsequent work showed that succinoxidase in this organism is competitively inhibited by malonate in the usual way, i t is interesting to note the ability of the cell to protect its enzymic 
Citric acid cycle reactions in a fungus
apparatus against inhibition even when it seems probable that the malonic acid was able to enter the cells. Beevers, Goldschmidt & Koffler (1952) have suggested the use of esters of weak acids to overcome permeability barriers a t high pH values. AS acetate was oxidized by Z~g o r r h~n c h~~ moelleri at high pH values only, and malonic acid was active at low pH values only, the action of diethylmalonate on acetate and glucose oxidation was investigated, and compared with the effect of a quantity of ethanol equivalent to that present in the ester. Considerable inhibition could be produced by high concentrations of the ester, though lower concentrations were inactive or even stimulatory. Acetate oxidation was more sensitive to the ester than was glucose oxidation; ethanol was virtually without effect. ( Table 4 ). The latter observation indicates that effects due to the ester may be attributed to the acid moiety of the molecule and not the alcohol. Inhibition (yo) This work with intact cells suggested that whatever systems might be present in the fungus for the oxidation of organic acids, the reactions were very well integrated (as evidenced by the high rates of respiration) and well protected against inhibitors. The prospects of isolating any individual reactions in such cells did not appear to be good, and it was considered desirable to attempt to find a cell-free preparation capable of respiring tricarboxylic acid cycle intermediates similar to those metabolized by whole cells.
Non-viable cell preparations
Various techniques for overcoming the permeability difficulties encountered with whole cells were investigated. The technique of treatment with liquid nitrogen (Lynen & Neciullah, 1939 ) finally adopted gave preparations as active as any tried and was easy to carry out.
The methods investigated included : drying of the cells in vacuo over various desiccants ; freeze-drying; acetone powdering; disruption in a high-pressure V. Moses apparatus (Milner, Lawrence & French, 1950; French & Milner, 1951) ; disruption in a bacterial press (Hughes, 1951) ; grinding in a cold mortar with sand and either 0.4 M-SUCrOSe or mannitol, or the alkaline isotonic potassium chloride solution of Potter (1948); treatment with solid carbon dioxide (' dricold ') (Krebs et al. 1952) . Methods involving drying generally resulted in inactive preparations ; those involving disruption produced active preparations, though the presses were inconvenient to use; grinding by hand was very tedious and the percentage of cells disrupted quite small even after some 10 min. Grinding in a Potter tissue homogenizer or disruption in a Waring blender were ineffective. ' Dricold ' was less effective than liquid nitrogen, probably because the rate of cooling of cells deposited on the 'dricold' in a thin plastic tube was much less than when the cell suspension was added directly to liquid nitrogen. Krebs et al. (1952) were able to pack alternate layers of ' dricold ' and crumbled commercial baker's yeast obtained from a block. Good contact was thus obtained between the yeast and the 'dricold' and the cooling was consequently rapid. Zygorrhynchus moelleri could not be obtained in a similar state so that the contact was inferior and the rate of cooling less.
Attempts were made to obtain a mitochondria1 preparation from the organism. After grinding in a cold mortar, the remaining complete cells, cell d&bris, and sand were centrifuged a t 20008. The supernatant fluid was centrifuged for 15 min. at 10,000 g. A pellet was obtained of approximately uniformly sized particles which stained with tetrazolium chloride and Janus Black in the manner of mitochondria. The preparation showed almost no oxidative activity, due perhaps to an unavoidable rise in temperature to 10-12" during centrifugation. As a refrigerated centrifuge was not available the technique was not pursued further.
Cells treated with liquid nitrogen were used in the following experiments in which several individual steps in the tricarboxylic acid cycle were investigated.
Succinate oxidation
Succinate was oxidized with a small evolution of carbon dioxide (Table 5 ) Chromatography of the products demonstrated the formation of fumarate and malate. Although succinate was oxidized by the preparation more rapidly than any other substrate tested, the rate of oxidation was only about 4 % of that by whole cells (cf. Fumarase activity 10 ml. of an aqueous suspension of treated cells was introduced into each of two gas-washing bottles containing 0.5 ml. M-sodium bicarbonate and 4-5 ml. water. The bottles were incubated at 25" and nitrogen containing 5 % (v/v) carbon dioxide was continuously bubbled through the suspensions. After 15 min. 15 ml. 0.1 M-sodium fumarate was added to one bottle and 15 ml. water to the other. Samples ( 5 ml.) were removed from each bottle at 0, 1, 2.5, and 3.5 hr. after the addition of substrate for estimation of malic acid by polarimetric analysis. Each sample was rapidly mixed with 1.25 ml. glacial acetic acid, 6 ml. water, 2.5 ml. hr-sodium citrate and 11.25 ml. 29% (w/v) ammonium molybdate. After filtration, readings were taken in a 2 dm. tube using sodium light and the amount of L-malic acid formed was calculated using ( a ) , = + 1340" for the specific rotation of the malate-molybdate complex in the presence of citrate (Krebs & Eggleston, 1943) . The amount of malic acid formed is shown in Table 7 . Chromatography of the product confirmed the presence of malic acid.
Decarboxylation and oxidation of a-ketoglutarate
Without the addition of cofactors a-ketoglutarate was not oxidized, though it was decarboxylated. In a system containing treated cells (4.32 mg. cell N), 0.067 M-phosphate buffer, pH 6.5, and 25 pmole a-ketoglutarate in a total This pattern of gas exchange suggested decarboxylation of a-ketoglutarate a t either the a-or y-positions to produce succinic semialdehyde (P-aldehydopropionic acid) or a-ketobutyric acid, respectively. Chromatograms of the keto-acid 2 : 4-dinitrophenylhydrazones prepared from the reaction mixture showed t w o large yellow areas a t R, 0.47 and 0.36. These were hydrogenated and the resulting amino acids run on two-dimensional chromatograms with phenol-ammonia and collidine-lutidine as solvents. The keto-acid hydrazone spot of R, 0.36 produced no amino acid and its identity remains obscure. The other substance (R,=0-47) was reduced to an amino acid identified as y-aminobutyric acid. The keto-acid from which this arose was thus succinic semialdehyde; a-ketobutyric acid would be reduced to the amino acid a-aminobutyric acid. 
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In the presence of methylene blue, ' liver coenzyme concentrate ', adenosine triphosphate (ATP) and magnesium sulphate, liquid nitrogen-treated cells oxidize a-ketoglutarate slowly. The rate of oxidation was inhibited by malonate (Table 8 ). In the presence of malonate some succinate was detected chromatographically. In the absence of malonate no succinate :tccumulated. (The sample of a-ketoglutarate used contained some succinate as impurity, but this was insufficient to account for the succinate formed during the oxidation of a-ketoglutarate in the presence of malonate.) The demonstration earlier of a malonate-sensitive succinoxidase system in Zygorrhynchus moelleri suggests that inhibition of a-ketoglutarate oxidation by malonate is, in effect, an inhibition of the further oxidation of the succinate formed. It is, nevertheless, worth noting that Price (1953) has found that a-ketoglutarate oxidase from pea stems is inhibited by 0.03 iu-malonate.
Oxidation of citrate and cis-aconitate Both citric and cis-aconitic acids stimulated the uptake of oxygen by the cold-treated cells without the addition of co-factors. The rate of citrate oxidation, however, was slow. I n an experiment in which each Warburg flask contained: cell material (7.22 mg. cell N), 0.1 M-phosphate buffer, pH 6.5, and 100 pmole substrate in a total volume of 2.5 ml., with KOH in the centre well, the oxygen uptake in 3 hr. with no substrate, with citrate and with cis-aconitate was 78, 121, and 297 pl., respectively.
Attempts to demonstrate aconitase activity polarimetrically by the formation of L-isocitric acid from citric acid, in a manner similar to that of Krebs et al. (1952) , were not successful. It was possible, however, to show the formation of citrate and a-ketoglutarate from cis-aconitate. Chromatography of the organic acids produced in the respiration experiment described above showed the presence of citric acid and a-ketoglutaric acid in the flasks containing cis-aconitic acid, but no reaction product from the flasks containing citric acid.
By using the more sensitive technique of keto-acid hydrazone chromatography, the qualitative formation of a-ketoglutarate from both citrate and cis-aconitate could be shown in the same system. The amount formed was not determined accurately, but the sizes of the spots of a-ketoglutarate 2 : 4-dinitrophenylhydrazone produced from equal volumes of the reaction mixture showed a greater formation from cis-aconitate than from citrate.
The identity of the a-ketoglutarate was confirmed by hydrogenation of the eluted hydrazones and identification of the resulting amino acid as glutamic acid by chromatography.
Oxidation of L-malic acid
The oxidation of L-malic acid was examined at pH 6.5 and 9.0, and also a t pH 9.0 in the presence of glycine. Eisenberg (1953), investigating ~-1nalate oxidation by dried cells of Rhodospirillum rubrum, found that the oxidation had a pH optimum of 9.0 and was inhibited by the oxalacetate formed, or by added oxalacetate. The use of glycine + phosphate buffers a t pH 9-0 stimulated the rate of oxidation, due apparently to the decarboxylation of the oxalacetate by the amino group of glycine. Ostern (1933) found that oxalacetate is decarboxylated by the amino group of aniline.
The Zygorrhynchus moelteri preparation showed a greater rate of oxidation of L-malate a t pH 9.0 than a t pH 6.5, but the addition of glycine a t pH 9.0 caused no significant stimulation ( Table 9 ). The products of malic acid oxidation were investigated by chromatography of the keto-acid hydrazones. The experimental conditions were those in Table 9 at pH 6.5 without glycine. An examination was also made of the products accumulating in the presence of 0.02 &I-potassium cyanide as a trap for ketoacids. In the presence of cyanide keto-acid 2 : 4-dinitrophenylhydrazones corresponding to those of authentic samples of pyruvic and oxalacetic acids were obtained, the latter in small quantities only. I n the absence of cyanide pyruvate but no oxalacetate was detected. The identity of the pyruvate derivative was confirmed by hydrogenation and comparison of the product with an authentic sample of alanine by chromatography in two solvents. Quantities of the oxalacetate derivative sufficient for positive confirmation of its identity were not obtained : chromatography of the hydrogenated derivative in phenol-ammonia showed a very faint spot corresponding to aspartic acid. Owing to the small amount of material available it was not chromatographed in butanol-acetic acid.
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Pyruvate and acetate metabolism
Pyruvate was decarboxylated very rapidly, both aerobically and anaerobically, with the production of acetaldehyde. The latter was identified qualitatively by the production of a violet colour following the addition to the reaction mixture of pyridine followed by sodium nitroprusside. The rate of oxygen uptake with pyruvate was low and, being very much smaller than the rate of carbon dioxide evolution, was difficult to measure accurately. The metabolism of pyruvate and malate together produced a gas exchange less than the sum of the gas exchanges with each substrate separately (Table lo). 
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Acetate alone appeared not to be metabolized and malate oxidation was not affected by the addition of acetate ( Table 11 shows that most citric acid was formed from a mixture of malate and pyruvate, though the amounts formed from each of these substrates separately were greater than that formed from them both together. The presence of citric acid was confirmed chromatographically, using indicator and the Furth-Hermann reagent as developing sprays.
No citrate was formed from acetate. 
DISCUSSION
In common with much of the work done on the respiration of organic acids by micro-organisms, the picture presented by whole and cold-treated cells of Zygorrhynchus moelleri shows various differences. Owing perhaps to permeability barriers, intact cells of this organism are unable to oxidize the intermediates of the citric acid cycle a t pH values near neutrality, whilst exhibiting great oxidative capacities for glucose and acetate. By reducing the pH to 3.4, all the cycle intermediates tested can be oxidized. Inhibitor studies with malonate have shown that at pH 6.8 diethylmalonate in fairly high concentration inhibits the oxidation of both glucose and acetate, though at pH 3.4 succinic acid oxidation is only slightly inhibited by malonic acid (in spite of the latter probably being able to enter the cells), and the inhibition becomes weaker as the experiment proceeds. Gray (1952a, b) has observed the adaptive formation of a malonic decarboxylase in Pseudomonas aeruginosa which relieved inhibition of succinate oxidation by malonate in that organism.
With cells frozen in liquid nitrogen it has been possible to demonstrate chemically many of the reactions associated with the tricarboxylic acid cycle. These are : the conversion of cis-aconitate to citrate, citrate to a-ketoglutarate,
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cis-aconitate to a-ketoglutarate, a-ketoglutarate to succinic semialdehyde, a-ketoglutarate to succinate (in the presence of malonate), succinate to a mixture of fumarate and malate, fumarate to malate, malate to oxalacetate (in the presence of cyanide) plus pyruvate, malate to citrate, pyruvate to acetaldehyde, and pyruvate tocitrate. Whole cells are able to oxidize acetate veryrapidly, but this property is lost when they are frozen, and no reaction products were found from acetate metabolism.
Malonate has been shown to inhibit the succinoxidase system competitively in cells treated with liquid nitrogen, The oxidation of a-ketoglutarate is also inhibited by malonate, but it was not established whether this was due to the inhibition of the a-ketoglutaric oxidase or to inhibition of oxidation of the succinate formed. and Kaufman, Gilvarg, Cori & Ochoa (1953) found that a-ketoglutarate oxidation requires coenzyme A and diphosphopyridinenucleotide and proceeds via succinyl-coenzyme A; in the absence of an oxidant a-ketoglutarate is decarboxylated slowly to succinic semialdehyde, the latter not being oxidized further by a-ketoglutaric oxidase (Sanadi, Littlefield & Bock, 1952) . I n view of these findings it is interesting to note that in the absence of coenzyme additions a-ketoglutarate is decarboxylated by Zygorrhynchus moelleri with the formation of succinic semialdehyde, but is not oxidized; when cofactors are added oxygen is absorbed and some succinate is formed ( The oxidative abilities of cells treated with liquid nitrogen are very much less than those of whole cells (Table 12 ). The high rates of oxidation of some substrates by whole cells, particularly of succinate and acetate (which are oxidized more rapidly than glucose), tend to indicate that. these substances are likely to play some part in the oxidative metabolism of glucose by this organism. Krebs (1943) , in a similar connexion, remarks : ' Striated muscle is a tissue in which carbohydrate is the predominant substrate for oxidations.. . . It follows. . .that a substance which is rapidly metabolized in muscle may be expected to be associated with carbohydrate metabolism '.
With frozen cells the position is much less clear. The fraction of the oxidative capacity of the whole cells which remains after treatment with liquid nitrogen hardly exceeds 5%, except in the case of cis-aconitate (Table 12) , and even here the relatively high percentage of the metabolic activity remaining in treated cells is probably due in part to the low activity shown by whole cells, which in turn may be associated with permeability barriers operative even at low pH values. 'Sparking reactions', such as those found with lupine mitochondria (Brummond & Burris, 1953) and Axotobacter agile extracts (Repaske & Wilson, 1953) , in which the oxidations of pyruvate and acetate are catalysed by the presence of malate, are not shown either by whole cells or by cells treated with liquid nitrogen (Table 10) .
Thus, although work with frozen cells has demonstrated that tricarboxylic acid cycle reactions can be carried out by this organism, any conclusions regarding their quantitative importance must remain tentative.
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